Ammonia assimilation was studied using continuous cultures of three obligate methanotrophs. The type X organism, Methylococcus capsulatus (Bath), assimilated ammonia during growth on dinitrogen or nitrate via the glutamine synthetase/glutamate synthase pathway but utilized the alanine dehydrogenase pathway when grown in the presence of excess ammonia. Repression and derepression of these ammonia assimilation enzymes was demonstrated during the switchover of continuous cultures from nitrogen-free (N2-fixing) medium to medium containing high concentrations of ammonia. The properties of alanine dehydrogenase and glutamate synthase in this organism are discussed. In the type I methanotroph, Methylomonas methanica S1, the pathway of ammonia assimilation was again dependent on the source of fixed nitrogen in the growth medium, but in the type I1 methanotroph, 'Methylosinus trichosporium' OB3b, ammonia was assimilated exclusively via the glutamine synthetase/glutamate synthase pathway.
INTRODUCTION
Ammonia assimilation in the Enterobacteriaceae and in several other micro-organisms has been well documented (for reviews see Tyler, 1978; Dalton, 1979; Brown, 1980) . In most microorganisms, ammonia is assimilated into cell biomass via the intermediates glutamine and glutamate. When present in excess, ammonia is assimilated by glutamate dehydrogenase (GDH) during the reductive amination of 2-oxoglutarate. K , values of GDH for ammonia are generally high, making this 'high ammonia' pathway efficient when an organism is grown in medium containing high extracellular concentrations of ammonia. However, when grown in medium containing low levels of ammonia, most organisms use a high affinity 'low ammonia' pathway : the glutamine synthetase/glutamate synthase (GS/GOGAT) pathway. In this pathway, GS, in an ATP-dependent reaction, catalyses the formation of glutamine from glutamate and ammonia. The second enzyme, GOGAT, regenerates glutamate in an NADPHrequiring transamination reaction with glutamine and 2-oxoglutarate, resulting in a net gain of one glutamate molecule. Therefore, the synthesis of 1 mol glutamate by the GS/GOGAT pathway is more 'energy-expensive' than the GDH pathway and generally GS is repressed and GDH is derepressed when ammonia is present in excess. Excess ammonia also causes inhibition of GS activity in Escherichia coli (see reviews by Ginsburg & Stadtman, 1973; Tempest et al., 1973) .
In some organisms which do not possess GDH, ammonia present at high extracellular concentrations is assimilated via the enzyme alanine dehydrogenase (ADH) which catalyses the formation of alanine from pyruvate and ammonia, e.g. as in Anabaena cylindrica (Rowel1 & Stewart, 1976) , Rhodopseudomonas capsulata (Johansson & Gest, 1976) and Thiobacillus neapolitanus (Beudeker et al., 1982) .
Obligate methanotrophs can utilize both nitrate and ammonia as nitrogen source and some also have the ability to fix dinitrogen (N2) but little is known about ammonia assimilation in these organisms. A brief report by Bailey et al. (1978) reported the constitutive synthesis of GS and GOGAT in the type I methanotroph 'Methylococcus' NCIB 11083. Due to the absence of ADH and GDH during all growth conditions, these workers concluded that ammonia was assimilated via the GS/GOGAT pathway. Unfortunately, no steady-state data on enzyme activities were presented. The most recent report on ammonia assimilation in methanotrophs (Shishkina & Trotsenko, 1979) examined a number of species, grown in the presence of various nitrogen sources, for the presence of ammonia assimilation enzymes. This paper describes the first detailed study of ammonia assimilation in an obligate methanotroph. Methylococcus capsulatus (Bath) was grown in continuous culture with different nitrogen sources and the pathways of ammonia assimilation were elucidated. A typical type I methanotroph, Methylomonas methanica S 1, and the typical type I1 methanotroph, 'Methylosinus trichosporium' OB3 b, were also grown in continuous culture and their ammonia assimilation pathways were compared. A number of other obligate methanotrophs were examined in batch culture and the nitrogen metabolism of these strains is also discussed.
M E T H O D S
Organisms. The principal organism used during these studies was Methylococcus capsulatus (Bath). Other organisms studied were the type I methanotrophs 'Methylomonas albus' BG8, 'Methylomonas agile' A20, Methylomonas methanica A4, PM and Sl, 'Methylobacter capsulatus' Y and the type I1 methanotrophs 'Methylosinus sporium' 5 and 12, 'Methylosinus trichosporium' PG, OB3b, OB5b and OB4, and 'Methylocystis paruus' OBBP. All were original isolates of Whittenbury et al. (1970) .
Growth conditions. The basic mineral salts (MS) medium of Dalton & Whittenbury (1976) was used and either supplemented with 1 g potassium nitrate 1-' giving nitrate mineral salts (NMS) or with 1 g ammonium chloride 1-' giving ammonia mineral salts (AMS).
Methanotrophs were grown at 30 "C [45 "C for Methylococcus capsulatus (Bath)] in a 2.5 1 fermenter (L.H. Engineering, Stoke Poges, Bucks., U.K.). All cultures were grown under oxygen limitation with methane (20%, v/v in air) as carbon source. The pH of the cultures was maintained at 6.8. For continuous cultures of Methylococcus capsulatus (Bath), 'Methylosinus trichosporium' OB3b and Methylomonas methanica S 1, a dilution rate (D) of 0-05 h-* was used and at steady-state the dry weight of each culture was typically between 0.8 and 1-7 mg ml-I, depending on the nitrogen source. At steady-state, (or mid-exponential phase for batch cultures) cells were harvested and cell extracts prepared as described previously for Methylococcus capsulatus (Bath) (Mumell& Dalton, 1983) .
Enzyme assays. Glutamine synthetase (GS) [EC 6.3.1 .2; L-glutamate : ammonia ligase (ADP-forming)] activity was measured by the y-glutamyltransferase assay of Bender et al. (1977) and the biosynthetic assay of Woolfolk et al. (1966) .
For glutamate synthase (GOGAT) [EC 1.4.1.13; glutamine :Zoxoglutarate aminotransferase (NAD(P)Hoxidizing)] the assay was based on the method of Meers et al. (1970) . The reaction mixture contained Tris/HCl buffer (50 mM) pH 7.8, 2-oxoglutarate (5 mM), L-glutamine (5 mM) and NADPH or NADH (both 0.25 mM).
Glutamate dehydrogenase (GDH) (EC 1.4.1.3; L-glutamate :NAD(P)+ oxidoreductase) was assayed by the method of Meers et al. (1970) . The aminating reaction mixture contained Tris/HCl buffer (50 mM) pH 7.7, ammonium chloride (50 mM), 2-oxoglutarate (5 mM) and NADH or NADPH (0.25 mM). The deaminating reaction mixture contained Tris/HCl buffer (50 mM) pH 9.5, sodium glutamate (17.5 mM) and NAD+ or NADP+ (0-25 mM).
Alanine dehydrogenase (ADH) (EC 1.4.1.1 ; L-alanine :NAD+ oxidoreductase) was assayed as described above for GDH, with sodium pyruvate (5-0 mM) replacing 2-oxoglutarate in the aminating assay and L-alanine (1 7.5 mM) replacing sodium glutamate in the deaminating assay.
In all NAD(P)H-linked assays, sufficient enzyme was present to give a constant rate of NAD(P)H oxidation over a period of 2-3 min. All assays were done at the growth temperature of the organism.
Partial puriJication of ADH from Methylococcus capsulatus (Bath). Cell extract (100 ml) from AMS-grown cells was applied to a column (4 x 30 cm) of DEAE-cellulose previously equilibrated with 20 mM-phosphate buffer pH 7-2. The column was eluted with a 0 to 0.5 M-NaCI gradient and ADH-active fractions collected. Active fractions were pooled, dialysed and applied to a column (3 x 100 cm) of Sepharose 4B. The column was eluted with 20 mw-phosphate buffer pH 7.2 at a flow rate of 20 ml h-' . ADH-active fractions were pooled and frozen by drop-wise addition to liquid nitrogen. Resultant pellets were stored at -80 "C.
The ammonia concentration of cell supernates and media was estimated using Nessler's reagent. Protein was assayed by the Biuret method of Herbert et al. (1971) .
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R E S U L T S A N D DISCUSSION
Ammonia assimilation in Methylococcus capsulatus (Bath) Purification, properties and regulation of the ammonia assimilation enzyme GS from Methylococcus capsulatus (Bath) has been previously described (Murrell & Dalton, 1983) . GS was present in cell extracts from ammonia-, nitrate-and dinitrogen-grown Methylococcus capsulatus (Bath) . Although present in ammonia-grown cells, GS was adenylylated and hence biosynthetically inactive. Assimilation of ammonia by GS, therefore, could occur only during growth conditions in which extracellular levels of ammonia were low, i.e. during growth with nitrate as nitrogen source (extracellular ammonia < 0.5 mM) or under N2-fixing conditions (extracellular ammonia level virtually zero) when the GS was deadenylylated and biosynthetically active.
In the present study, the other enzyme in the 'low ammonia' assimilation pathway, GOGAT, was found to be present in all cell extracts examined, although the enzyme was very unstable (50% loss of activity occurred after 30 min at 4 "C or 24 h at -80 "C). Attempts to stabilize GOGAT activity in cell extracts with 2-mercaptoethanol, dithiothreitol, phenylmethane sulphonyl fluoride or glycerol proved unsuccessful. Due to this instability, cell extracts were assayed for GOGAT activity immediately after preparation and no attempt was made to purify the enzyme or to determine K , values for its substrates.
The reaction catalysed by GOGAT appeared to be irreversible and the pH optimum for activity was 7-7. Pyruvate, oxaloacetate, glyoxalate and 3-hydroxypyruvate could not substitute for 2-oxoglutarate nor could the requirement for glutamine be met by asparagine or ammonia. The enzyme exhibited dual coenzyme specificity and in all cell extracts tested activities obtained with NADH or NADPH were very similar.
In addition to the enzymes GS and GOGAT, cell extracts of Methylococcus capsulatus (Bath) were found to contain ADH. Aminating activity of ADH was highest in ammonia-grown cells and lowest in N,-fixing cells. Deaminating ADH activity was very low in all extracts tested. Partial purification of ADH from ammonia-grown Methylococcus capsulatus (Bath) resulted in a sixfold increase in specific activity, with a yield of 14%. The enzyme was stable for several months when stored at -80 "C. Partially purified enzyme exhibited absolute specificity for pyruvate and the pH optimum for both NADH-and NADPH-dependent aminating activity was 7.7. K , values for the substrates of the aminating reaction were (mM): ammonia, 14.2; pyruvate, 3.0; NADH, 0-15 and NADPH, 0.04. ADH was found to have a higher affinity for NADPH than NADH which may indicate why the NADPH-dependent aminating activity in any extract was usually higher than the NADH-dependent activity. The K , value for ammonia was high and therefore similar to K , values for ammonia reported for ADH enzymes from several other organisms, such as Bacillus licheniformis (McCowen & Phibbs, 1974) , Streptomyces clavuligerus (Aharonowitz & Friedrich, 1980) and Rhodopseudomonas capsulata (Johansson & Gest, 1976) . This high K , for ammonia suggested that ADH would be an efficient enzyme for ammonia assimilation during growth of Methyfococcus capsulatus (Bath) in medium containing high extracellular concentrations of ammonia.
In order to establish which ammonia assimilation pathways were operating in Methylococcus capsulatus (Bath) , cell extracts were prepared from steady-state continuous cultures growing on ammonia-, nitrate-and dinitrogen-based medium at a dilution rate of 0.05 h-'. Each extract was assayed for ammonia assimilation enzymes (Table 1) . Ammonia-grown extracts possessed high ADH activity. Although these extracts possessed GS as measured by the y-glutamyltransferase assay, it was noted that the GS present was biosynthetically inactive. It has been shown previously that GS from ammonia-grown cells is biosynthetically inactivated by adenylylation (Murrell & Dalton, 1983) . Therefore, it was concluded that during these growth conditions ammonia is assimilated exclusively via ADH. N,-fixing cell extracts possessed high GS biosynthetic activity and high GOGAT activity. As ADH levels were very low it appeared that under these growth conditions ammonia was assimilated via the GS/GOGAT pathway which has a high affinity for ammonia (GS K , for ammonia = 0-72mM). Nitrate-grown extracts contained biosynthetically-active GS and also significant ADH aminating activity. GOGAT activities were similar to those found in dinitrogen-grown extracts but slightly higher than those in ammonia-grown extracts. During growth of Methylococcus capsulatus (Bath) in nitrate medium, the extracellular concentration of ammonia was approximately 0.3 mM and under these conditions the GS enzyme is thought to be partially adenylylated (Murrell & Dalton, 1983) . Therefore, because of the presence of both ADH and GS it was concluded that during growth with nitrate as nitrogen source, ammonia produced by nitrate reductase was assimilated both via the GSiGOGAT pathway and via the ADH pathway.
To confirm the operation of both the GS/GOGAT pathway and the ADH pathway, the effects of a switch-over from dinitrogen-based to ammonia-based medium on an 0,-limited N,-fixing continuous culture of Methylococcus capsulatus (Bath) were studied. When steady-state was attained (D = 0.03 h-l), the medium flowing into the chemostat was switched to medium containing 18 mM-ammOnia. During the switch-over, extracellular ammonia concentration was monitored and cells were removed at regular intervals to determine levels of ammonia assimilation enzymes (Fig. 1) .
When the extracellular concentration of ammonia had risen to 0.3 mM there was a sharp rise in GS biosynthetic activity which may have been due to increased synthesis of the enzyme in response to the increased availability of substrate. The rapid decline of GS biosynthetic activity which followed was almost certainly due to adenylylation of the enzyme, as the activity fell at a much faster rate than would be predicted by simple 'wash-out' of enzyme activity. The gradual fall in GS y-glutamyltransferase activity reflected the decrease in actual amounts of GS enzyme present in the culture.
Accurate determinations of GOGAT activity in extracts was difficult but it appeared that an increase in ammonia caused a concomitant decrease in GOGAT activity which might be expected as GS, the other enzyme in the 'low ammonia' pathway, was deactivated under these circumstances. During the switch-over, the fall in GS biosynthetic activity was accompanied by a less rapid increase in ADH aminating activity. This increase in ADH activity was preceded by a 2 h lag phase suggesting that the observed increase was due to the ammonia-induced synthesis of this enzyme. When GS biosynthetic activity reached zero, the ADH activity in extracts was sufficiently high to satisfy the total theoretical nitrogen demand of the culture and therefore it was concluded that at ammonia concentrations above 1.0 mM, ammonia is assimilated exclusively via the ADH pathway. In a similar experiment to that described above, the effects of a switch-over from ammoniabased to dinitrogen-based medium on a continuous culture of Methylococcus capsulatus (Bath) were investigated. When the extracellular concentration of ammonia had fallen to about 1 mM there was a decrease in ADH activity and a concomitant rise in GS and GOGAT levels confirming that the GS/GOGAT pathway operated at low ammonia concentrations.
Ammonia assimilation in other obligute methanotrophs
A typical type I methanotroph, Methylomonas methanica S1, and a typical type I1 methanotroph, 'Methylosinus trichosporium', OB3b were each grown in oxygen-limited continuous cultures at a dilution rate of 0-05 h-' in the presence of various nitrogen sources. At steady-state, cells were removed from each culture and examined for the presence of GS/GOGAT, GDH and ADH (Tables 2 and 3 ). After growth on nitrate medium (when the extracellular concentration of ammonia was consistently below 0-2 mM), Methylomonas methanica S 1 possessed both high GS biosynthetic and y-glutamyltransferase activity and also relatively high GOGAT activity. Conversely, in ammonia-grown extracts obtained from cells growing in the presence of 10 mwammonia, GS transferase and GOGAT activities were low and GS biosynthetic activity was absent. However, ammonia-grown extracts possessed relatively high ADH and G D H aminating activity suggesting that under these growth conditions, ammonia, present at high extracellular concentrations, was assimilated by one or both dehydrogenases. Nitrate-grown cells almost certainly assimilated ammonia via the GS/GOGAT pathway.
No ADH or GDH was observed in any cell extracts of 'Methylosinus trichosporium' OB3b. Assays of insoluble protein obtained during the preparation of extracts also failed to reveal the presence of these two enzymes. High GS and GOGAT activities were found in all extracts, indicating that, in this organism, ammonia is assimilated exclusively via the GS/GOGAT pathway, irrespective of the extracellular ammonia concentration.
In order to establish whether or not obligate methanotrophs could be divided into two groups on the basis of their ammonia assimilation pathways, several other methanotrophs were grown in batch culture with various nitrogen sources. Cell extracts of these methanotrophs were examined for ammonia assimilation enzymes. Levels of these enzymes in batch cultures were generally lower than in extracts from continuous cultures. This was almost certainly due to the faster growth rate of organisms in continuous culture, where growth conditions had been optimized. Results obtained (Tables 4 and 5 ) indicate that in all type I methanotrophs tested, the pathway of ammonia assimilation utilized is determined by the fixed nitrogen source for growth. During growth on nitrate, type I methanotrophs possessed high GS and GOGAT activity and little or no ADH or GDH activity, suggesting that the GS/GOGAT pathway was being utilized. Conversely, during growth on ammonia, GS/GOGAT pathway enzymes were repressed and ammonia was assimilated either by the ADH or GDH pathway.
In all type I1 rnethanotrophs tested, ammonia was assimilated exclusively via the GS/GOGAT pathway as no ADH or GDH activity was detected in any cell-free extracts. Type I and type I1 methanotrophs were further distinguished by the finding that GOGAT activity in type I species was generally specific for NADPH whereas in type I1 species this enzyme showed absolute specificity for NADH and was considerably more stable in cell extracts. The instability of GOGAT from type I methanotrophs may have been the reason why this enzyme has not been previously observed in Methylomonas methanica (Shishkina & Trotsenko, 1979) .
It has been pointed out that anomalies may occur when analysing results for the regulation of ammonia assimilation enzymes in both batch and continuous cultures of E. coli (Kavanagh & Cole, 1976) . Therefore, the proposed methods of regulation that apply in batch cultures of methanotrophs may not apply in continuous culture and vice versa. Further continuous culture studies of 'Methylobacter' and 'Methylocystis' species, like those done for Methylococcus capsulatus (Bath) , 'Methylosinus trichosporium' OB3 b and Methylomonas methanica S 1, will therefore be necessary in order to determine precisely how regulation of ammonia assimilation is carried out in these species. However, results presented here strongly suggest that obligate methanotrophs may be divided into two major groups on the basis of their ammonia assimilation pathways (Table 6) , thus strenghthening the classification scheme proposed by Whittenbury & Dalton (1980) . 
